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Abstract 
Laser welding of copper is a challenging process and therefore not yet well established in industrial applications. Due to the low 
absorptivity at wavelengths of 1 μm and above and the very high heat conductivity, the start of the process is particularly critical 
and often results in an incomplete welding or even in damaged optics caused by the reflected laser light. Thanks to the 
significantly higher absorption, green laser light is the obvious choice to improve the initiation of the process. 
The present paper discusses the results of cw-welding experiments with different copper alloys using a diffraction-limited and 
frequency-doubled disk laser with 70 W of output power in combination with a second disk laser of high-brightness radiation at 
the fundamental wavelength of 1.03 μm and a maximum output power of 5 kW. 
 
PACS: 42.62.Cf;81.20.Vj  
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1. Introduction  
The current efforts in the electrification of automobiles significantly increase the need for a reliable and effective 
copper welding process. Because automotive electro-motors are driven with very high electrical currents, large 
material cross-sections are required and with it large welding penetration depths. Due to the low absorptivity of 
copper at wavelengths of 1 μm (referred to as IR) and above (Fig. 1) and the high heat conductivity, the process start 
is particularly critical and often results in an incomplete welding. In many cases, when the process optics was not 
aligned and shielded correctly, the large amount of back reflected laser light caused severe damage somewhere in 
the optics chain. Different approaches were made in the pulsed laser copper micro processing, including high peak 
powers at the beginning of the pulse with real time control of the laser power based on absorptivity measurement of 
copper surface [1] and by superimposing a green laser pulse [2]. 
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Green laser light is obviously far better suited for copper welding, as the absorptivity is more than ten times 
higher as compared to IR laser light (Fig. 1a) [3]. Whilst laser with a wavelength of 1 μm are widely in use at almost 
any power level and beam quality, cw-lasers at a wavelength in the range of 0.5 μm (referred to as green) are not 
commercially available with kW cw output today. Therefore it is quite obvious to combine two laser sources of 
these two wavelengths. On the one hand a low power (< 100 W) green laser is used to preheat and pre-melt the 
material. This hot material is supposed to show an increased absorption at 1 μm facilitating or even enabling the  
start of the keyhole welding process which is sustained with the high-power (> 1 kW) IR laser on the other hand. 
Fig. 1b shows a few data points of the absorptivity of copper as a function of temperature for IR laser light [4]. In 
addition to the increase proportional to the temperature, a large step in absorptivity is observed at the solid-fluid 
phase transition at the temperature Tm. Similar behavior was found modeling the absorption in copper [5].  
Considering the large power difference, the most significant effect of such a two-wavelength combination is 
expected to happen near the deep-penetration threshold or in the starting phase of the process. If the keyhole has 
once opened, also the IR laser shows good absorption due to multiple reflections inside the keyhole. 
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Fig. 1.(a) Absorptivity of copper at room temperature as a function of wavelength showing the strong increase between 1 μm and 0.5 μm [1]; (b) 
absorptivity as function of temperature for copper at 1064 nm showing a strong increase of the absorption with increasing temperature [4] 
1.1. Qualitative discussion 
Equation 1 gives an approximation for the deep-penetration threshold which holds over a wide range of process 
parameters [6]. 
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Where P is the incident laser power focused to a spot of diameter df at a feed rate vF, T0 is the initial material 
temperature and the material parameters Tv, k, and κ are the boiling temperature, the heat conductivity, and the 
thermal diffusivity, respectively. A(λ) is the absorptivity which is a function of the wavelength. For the high-κ 
material and moderate feed rate considered in this paper, the root can be set to 1 keeping an accuracy of better than 
10%.  
The material parameters are given by the application. In addition, the focus diameter is often defined by the 
required mechanical properties of the weld and the feed rate should be as fast as possible. Therefore, apart from 
increasing T0, only the absorption can be influenced by using lasers with better absorbed wavelengths. Doing this by 
an additional laser has several advantages. On the one hand, the IR laser basically defines the process result: 
• The IR laser focusing properties define the weld seam geometry 
• The IR laser power defines the maximum feed rate 
On the other hand, the additional green laser is optimized to minimize the deep-penetration threshold condition: 
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• In metallic materials the green laser experiences a significantly higher absorption than the IR laser 
• For an efficient frequency conversion cw green lasers usually run close to fundamental mode allowing 
tight focusing at a reasonable working distance 
• Using a separate laser allows arbitrarily defining the relative position between the two lasers 
• The material inside the small laser spot is heated to far above melting temperature also heating up the 
surrounding by heat conduction creating a significantly raised temperature T0 over the whole area covered 
by the IR spot.  
From equation 1 it can directly be seen that a reduction of the diameter by a factor of four (which could basically 
also be done with an additional high-brightness IR laser) and increasing the absorptivity by using green light, the 
power threshold for deep-penetration welding can be reduced by at least a factor of fifty. Therefore it can be 
assumed that using an additional green laser source of just a few percent of the IR power can help to significantly 
increase the IR incoupling. On the one hand this is due to the enhanced absorption in the molten material, on the 
other hand the green laser in the best case already forms a small capillary which further helps to increase the 
absorption of the IR light. 
To verify these considerations, the influence of green preheating close to the deep penetration-threshold was 
investigated for a range of copper alloys. 
2. "Experimental setup"  
Fig. 2a shows the experimental setup with the fast linear axis and the combination of the two lasers. In this 
arrangement, the interaction region is fixed in space allowing stationary process diagnostics.  
For the experiments continuous wave Trumpf Disk Laser systems were used. The IR-laser was a fiber guided 
TruDisk 5001 with a maximum output power of 5000 W at a wavelength of 1030 nm. The core of the transport fiber 
has a diameter of 100 μm and a beam parameter product (BPP) of about 5 mm×mrad at the fiber output which was 
collimated with a 200 mm lens. The collimated beam was focused with another 200 mm lens leading to a divergence 
angle of 5.7° and a focus diameter of about 100 μm. The green laser was an open-beam frequency-doubled system 
with a wavelength of 515 nm and a BPP of about 0.164 mm×mrad. A focusing lens with a focal length of 100 mm 
was used to form a spot diameter of about 25 μm. For both lasers the focus position was set on the workpiece 
surface. The green laser is aligned perpendicular to the workpiece surface. The IR laser angle of incidence was set to 
18° to prevent optics damage by the backreflected light.  
The two lasers were geometrically combined with the arrangement shown in Fig. 2b, allowing adjustment of the 
two focal positions relative to each other with an accuracy of about ten microns. The experiments were made with 
the green laser positioned in front of the IR laser. The distance between the two beam centers of gravity was set to 
about 100 μm. Fig. 2c shows a stationary burn-in documenting the distance of the two lasers spots. 
The four different copper alloys CuSn6 (bronze), CuFe2P, SE-Cu-58, and E-Cu-58 (ETP) – listed in the order of 
increasing thermal conductivity – were investigated. The relevant thermo-physical properties, taken from the 
supplier data sheets, are summarized in Table 1. It is noted, that the listed values apply to cold material and show a 
strong dependence on temperature and phase making them not very well suited for quantitative analysis. The 
dimensions of the samples were 100 mm x 20 mm x 2.5 mm. No shielding gas was used.  
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Table 1. Material properties of the copper alloys under investigation [7]. 
Properties CuSn6 
(bronze)
CuFe2P SE-Cu-58 E-Cu-58 
(ETP)
Heat conductivity k [W/(mK)] 75 262 390 390
Heat capacity c p [J/(gK)] 0.377 0.385 0.385 0.386
Density ρ  [g/cm³] 8.8 8.78 8.94 8.93
Thermal diffusivity κ =k/(ρcp) [cm²/s] 0.226 0.775 1.133 1.131
Evaporation temperature T v  [K] 2868 2868 2868 2868  
 
Linear welds were made with a fast linear axis which is capable of accelerating the samples to a welding speed of 
up to 100 m/min in the interaction region. The speed is controlled by a tracking system, which records the actual 
speed during the welding process. All experiments in the current paper were made with 25 m/min.  
The behavior on the surface including the opening of the capillary was observed in the visual spectrum with a 
high-speed CMOS camera MotionPro HS-4 from Redlake, set to a frame rate of 15000 fps at a resolution of 
512 x 172 pixels. The camera was positioned at an angle of 45° relative to the sample surface. The interaction region 
was illuminated with a diode laser stack at a wavelength of 808 nm with an output power up to 40 W. Together with 
a band-pass filter in front of the high-speed camera this provides an excellent image quality. 
The welding penetration depth was analyzed with microsections of the regions of interest.  
 
           
 
Fig. 2. (a) Experimental setup with free propagating green laser; (b) combining head IR and green; (c) distance of the combined spots, left IR, 
right green 
3. Results  
The following section describes the results obtained with the green-IR combination setup. All alloys under 
investigation showed a very similar behavior. Therefore only the pictures for the bronze alloy are shown in the 
following because the effects are very clearly visible both in the single-frames taken from the high-speed recordings 
and the microsections. 
3.1. High-speed camera recordings 
The high-speed camera recordings observing the sample surface give a very instructive impression of the melt 
flow dynamics on the surface. In addition, the transition from heat-conduction welding to deep-penetration welding 
can be identified unambiguously.  
Fig. 3 shows a stable stationary heat-conduction welding trace of the IR laser at a laser power of 500 W. No deep 
penetration occurs during the welding. 
101,58 μm 
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Fig. 3. Single frame of a high-speed recording of bronze (CuSn6) welding at v = 25 m/min and PIR = 500 W showing heat-conduction welding 
A significantly different behavior is observed, when the 70 W from the green laser are used in addition. To keep 
the line energy constant, the IR laser power was reduced to 430 W giving the same added power of 500 W as with 
the IR laser only. Fig. 4 shows three typical single frames of the corresponding high-speed recordings which 
describe the influence of the green laser when the combination of the two lasers is used. 
Fig. 4a shows the trace of the green laser without IR laser. The deposited energy of the green laser heats the 
copper material above the melting point which manifests itself in a small melt pool following the green spot. Due to 
the high absorption and brightness of the green laser, a small capillary is observed even at this comparably low 
power. The capillary is not easily seen in Fig. 4a but deep-penetration of the green beam is confirmed by inspection 
of cross sections as reported in section 3.2 below.  
When the IR laser is switched on (Fig. 4b) the width of the surface of the weld seam is increased and the IR beam 
immediately initiates deep penetration welding. The capillary is opened within 10 frames (i.e. within 680 μs), i.e. the 
green laser “forces” the IR laser to deep penetration welding. Despite the low IR power this occurs over a very short 
time, marked as the corresponding distance with an arrow in the left part of Fig. 4b. 
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Fig. 4. frame out of high-speed camera film during welding in bronze (CuSn6) at v = 25 m/min. (a) Pgreen = 70 W;  
(b) Pgreen = 70 W combined with PIR = 430 W after switching on IR Laser; (c) stationary deep-penetration welding process  
Pgreen = 70 W combined with PIR = 430 W 
After a certain time, the small capillary of the green laser and the larger capillary of the IR laser merge to a 
single, large capillary which is usually stable until the end of the weld. The time between switching on the IR laser 
and the merging of the capillaries depends primarily on the distance of the two focal spots, but also on the material, 
and the total power level. A typical value as in Fig. 4 is in the range of 2 ms. The merging of the capillaries leads to 
a large increase of both, the weld seam width and the penetration depth. 
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3.2. Cross-sections 
Additional information about the influence of the added green laser was gained by preparing microsections of the 
welded samples, which allowed analyzing the cross-sections to distinguish between heat-conduction welding and 
deep-penetration welding. In Fig. 5 three cross sections of CuSn6 (bronze) are shown. All pictures are taken with the 
same scale.  
Using only the IR laser at a power level of 500 W or less leads to heat conduction welding with its typical 
lenticular shape and only a small amount of molten material as can be seen in Fig. 5a. 
For the image in Fig. 5b only the green laser was used at a power of 70 W. The shape of the molten area shows 
an aspect ratio of about two, which indicates, that in this case deep penetration welding was achieved.  
The combined process with Pgreen=70 W and PIR = 430 W yields a significant increase of the welding depth and 
even of the cross section area as shown in Fig. 5b showing that the green laser enables deep-penetration welding 
also for the IR beam.  
 
               
Fig. 5. Cross sections of weldings in bronze (CuSn6) at v = 25 m/min; (a) PIR = 500 W; (b) Pgreen = 70 W; (c) combined process: Pgreen = 70 W and 
PIR = 430 W 
4. Discussion 
The above described very pronounced behavior occurs in a power regime where the IR laser power is a few 
percent below the deep penetration welding threshold. The addition of the green laser but keeping the total laser 
power constant by lowering the IR power forces the transition from heat-conduction welding to deep-penetration 
welding, an effect we refer to as “forced deep-penetration welding”. Accordingly, the total power where this effect 
was observed is referred to as “forced transition power” in the following. 
Fig. 6a shows the forced transition power as a function of the heat conductivity. It is noted again that values for 
the heat conductivity are taken from the supplier data sheets valid for the material at room temperature. It can be 
seen that the forced transition power increases linearly with increasing heat conductivity. The transition power was 
determined with an accuracy of about ±10%. In agreement with equation 1 an almost linear dependence of the 
transition power on the heat conductivity is found.  
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Fig. 6. (a) Forced transition power as a function of heat conductivity of the copper alloys measured; (b) welding depth for IR, 
green and combination process at the transition powers from Fig. 6a with the depths corresponding to deep penetration level 
Fig. 6b gives the welding depth at the experimental forced transition power as a function of the heat conductivity. 
The dashed and the dotted line represent the IR and green deep penetration limit, respectively, which is taken as 1.5 
times the respective focus diameter. Microstructure changes were found to be very difficult to see for the materials 
with large heat conductivity (i.e. except for bronze). The green-only values (squares) with its very small penetration 
depths were guessed to lie below the deep green line but could hardly be identified and are therefore omitted.  
It is clearly seen, that 200 μm deep-welds are achieved in all cases using the green-IR combination (triangles) 
while the IR-only (diamond) do not reach deep penetration welding. An exception is the SE-Cu-58 data point where 
230 μm welding depth was achieved. This is explained with Fig. 7 which shows the two surface weld seams of IR-
only and green-IR at a total power of 1000 W. The wide seams correspond to deep penetration welding, the narrow, 
weakly visible seam to heat conduction welding. The green-IR process immediately reaches deep penetration 
welding after switching on the IR laser (lower seam). In contrast, the IR laser does not even produce a weld seam in 
the first 3.5 mm (corresponding to about 8 ms). The following 3.5 mm show heat conduction welding before the 
process changes to deep penetration welding. On the one hand this means that in this case the IR-laser was operated 
slightly above deep penetration threshold. On the other hand it clearly shows the strong influence of the green laser 
starting the process.  
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Fig. 7. Surface weld seams of SE-Cu-58 for IR-only and green-IR processes 
Eq. 1 allows calculating the IR deep penetration thresholds for the different materials, given in the first line of 
table 2. These values are compared to the measured forced transition power values (the bottom line of table 2) which 
are, as described above, within a few percent of the IR deep penetration thresholds.  
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Table 2. Calculated deep penetration thresholds 
CuSn6 
(bronze)
CuFe2P SE-Cu-58 E-Cu-58 
(ETP)
Calcualted threshold IR 3% [Watt] 895.8 2782.8 4070.5 4070.7
Calcualted threshold IR 12% [Watt] 223.9 695.7 1017.6 1017.7
Measured transition power [Watt] 500 800 1000 900
Calcualted threshold green [Watt] 13 44 65 65  
 
It is seen, that the calculated values are much higher, in the case of the high-k materials more than a factor of 
four. We interpret this as a strong indication for the fact, that the absorptivity in the fluid material is significantly 
higher than the cold values. A good agreement is achieved when calculating the threshold assuming 12% 
absorptivity, which is in fair agreement with Fig. 1b. This is a further confirmation of the benefit of green-
preheating of copper materials. 
5. Conclusion 
In conclusion we have shown that a low-power green laser significantly influences the welding behavior of IR 
welding of copper alloys. Although the measurements were performed close to threshold, the results are very 
encouraging and motivate further research. 
Further investigations will include the analysis of the influence of the green laser on the total absorbed energy 
considerably above the deep-penetration threshold (i.e. the influence on the process efficiency), the influence on the 
temporal behavior during the deep-penetration transition, and the influence on the melt pool dynamics - especially 
on spattering - for different relative focus positions and relative power levels.  
Bearing in mind the actual relative power levels, one can easily imagine making a laser source which provides 
the two wavelengths out of a single resonator, i.e. making use of the usually bad conversion efficiency. 
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